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Foreword

Army communication systems have several major limitations,
including limited bandwidth, low throughput, dependence upon terrestrial
line-of-sight, lack of full mobility and limited support for intelligence and
imagery requirements. Additional requirements include low probability of
intercept, jam resistant, multi-frequency systems and low power, weight and
cost and small size.

The purpose of this program was to address the- fundamental
limitations of these issues from an overall systems objective and develop
appropriate modulation techniques, analog and digital devices and circuits in
order to optimize the performance and significantly lower power
consumption.
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Statement of the Problem

Army communication systems have several major limitations,
including limited bandwidth, low throughput, dependence upon terrestrial
line-of-sight, lack of full mobility and limited support for intelligence and
imagery requirements. Additional requirements include low probability of
intercept, jam resistant, multi-frequency systems and low power, weight and
cost and small size.

The purpose of this program was to address the fundamental
limitations of these issues from an overall systems objective and develop
appropriate modulation techniques, analog and digital devices and circuits in
order to optimize the performance and significantly lower power
consumption.

The emphasis was placed on systems which have the following
characteristics:

Low Probability of Intercept
Jam Resistant
Multiple-Access Capability
Multi-Frequency Systems
Low Power

These lead to modulation techniques that trade bandwidth efficiency
(bits/sec./Hz) for energy efficiency (joules/bit). These techniques are generally
called Spread-Spectrum Modulation.

A typical communication system is shown in Figure 1. In order to
minimize power consumption a system approach is needed to investigate
tradeoffs. The various elements and interactions required are shown in
Figure 2. These various elements were addressed by several faculty members
and graduate students and the major results are described in following
sections of this report.
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Some of the generic issues that have been addressed which are

essential for mobile and low power communication systems include:

New System Architectures Utilizing New Components
Spread Spectrum Modulation Techniques

High Efficiency, High Power Amplifiers

Low Noise, High Dynamic Range Amplifiers

Power Management and Dynamic Control of Power, Efficiency and
Linearity

Low Noise Oscillators and Mixers

Low-Loss, Very High Q Filters at R. F. and I. F. Frequencies

Low-Loss, Low Power Switches

Monolithic Integration of Components and Circuits

Digital Circuit Optimization and Utilization of New Technologies for

Implementation

In order to address these issues a multidisciplinary team of faculty

members and graduate students was assembled and several tasks were
formulated. These included the following tasks:

 Task I: System Architecture

Examine Various System Architectures and Compare Performance
Relative to Power Consumption and Identify Problems and Limitations

1. Superheterodyne

2. Direct Conversion

3. Direct Sampling

4. MEMS-Based Architecture

Develop Coded-Modulation Techniques for Interference Limited
Channels and Determine the Tradeoffs Between Transmit Power and
Processing ~ Power Needed for a Given Performance. Which
Coded/Modulated/ Spreading Combination is Optimal?




1. Direct-Sequence
2. Frequency-Hopping
3.  Multi-Carrier Modulation
Faculty: DProfessors W. Stark, C. Nguyen, G. Rebeiz and P. Mazumder

Task II: Spread-Spectrum Modulation Techniques and Sensitivity to Power
Amplifiers Nonlinearities

* Effects of Power Amplifier Nonlinearities on Different Coded-Modulation
Schemes

e Comparison of Different Classes of Amplifiers (A,B, F, etc.) Relative to
Interference.

* Automatic Control of Efficiency, Linearity and Power Output in
Amplifiers

Faculty: Profs. W. Stark and G. Haddad and Drs. J. East and K. Yang
Task III: High Efficiency Power Amplifiers

* Devices: HFET's and HBT's

* Nonlinear Models Including Harmonics

* C(lasses of Operation (B, C, E, F) and Tradeoffs Between Efficiency, Power
and Linearity

* Circuit Design and Optimization

* Integration with Antennas

* Frequency Range: 1-60 GHz

Faculty: Profs. G. Haddad and D. Pavlidis and Drs. J. East and K. Yang

Task IV: InP Devices and Mixed Mode Monolithic Integrated circuits for Low-
Power Transceiver Applications

* HBTs for Low Noise Oscillators and High Efficiency /Linearity Power
Amplifiers (SHB and DHBT's)

* HEMT's for LNA's and High Efficiency PA's



Passive Devices: InGaAs-PIN Diodes for Switches and Heterojunction
Schottky Diodes for Mixers

Circuit Design and Optimization

Faculty: Profs. D. Pavlidis, P. Bhattacharya and G. Haddad and Drs. J. East and
K. Yang

Task V: Low-Loss, High Performance Microwave Components

Micromachininbg Technology

High Performance Transmission Media

High Efficiency Antennas

Low-Loss Resonators, Filters, Multiplexers, etc.
High Performance Mixers

High Isolation Packaging Technology

High Frequency Lumped Elements

High Q MEMS Filters and Resonators

Faculty: Profs. L. Katehi, G. Rebeiz and C. Nguyen

Task VI: Digital Circuits

Tradeoffs for Different Modulation Techniques

Tradeoffs Between Analog/Digital Implementations

Comparison of Various Technologies to CMOS for High-Speed and Power
Consumption (HEMT, HBT, C-GaAs, C-InGaAs, NDR-Based Circuits, Q-
MOS, etc.)

Design and Testing of Basic Gates to Demonstrate Performance

Cooperate with Industry for Larger Demonstration Circuits

Faculty: Profs. P. Mazumder, W. Stark and G. Haddad and Dr. J. East



Summary of the Most Important Results

*  Proposed and investigated a new system architecture based on MEMS
technology which can result in immense power reduction.

*  We have quantified the performance gains possible with dual-bias
control amplification for a centralized system and have shown a factor of
10 reduction in required energy with dual-bias techniques compared to
conventional techniques.

*  Developed a subharmonic double balanced RFIC mixer which will have
a significant impact on power consumption.

-- For use in dual frequency systems
-- For realizing direct conversion receivers

Evaluated the impact of new device technology on digital circuit

performance relative to power consumption and frequency/speed
performance (RTD/HBT, RTD/HEMT and Q-MOS).

Developed an analytical technique for estimating the effect of amplifier
nonlinearity on different coded modulation techniques in order to
quantify the tradeoffs between spectral and power efficiency.

Developed an experimental system that can measure the effect of
amplifier operation on different modulation waveforms.

*  Used the system to measure AM-AM and AM-PM, multitone IP3 and
arbitrary modulation waveforms in a single setup.

Investigated power amplifier schemes based on dual digital and analog
bias control for efficiency and linearity enhancement.

These schemes can result in significant efficiency improvement of power
amplifiers (factors of 2 or more).

Proposed a new performance measure to optimize power amplifiers for
different modulation schemes in a unified way.

Quantified and optimized the performance and power consumption
of OFDM systems with recently proposed dc bias controlled amplifiers.

Analyzed the effect of a nonlinear amplifier on the bit error rate
performance of single cell convolutionally coded multicarrier-code
division multi-access systems in the presence of multipath fading.




Completed the implementation of the large signal time domain active
load pull system and used it for characterization of FET's.

Developed design procedures and compared the characteristics of
various modes of operation for power amplifiers relative to power
output, gain, efficiency and linearity (class A, B, E. F, etc.)

Developed design procedures for microwave circuit analysis and design
for high efficiency amplifiers. ‘

A 5 GHz class-E power amplifier using Fujitsu FLK052 device produced
72% PAE, 81% drain efficiency and 610 mW output power with 9.8 dB
saturated gain at a drain bias of 8V.

A 8.3 GHz class-F power amplifier using Fujitsu FLK052 device produced
a PAE of 60%, drain efficiency of 72% with an output power of 685 m W
and a saturated gain of 7.4 dB. This is the frequency limit for suboptimal
switched mode operation for this device.

A 8.3 GHz class-E power amplifier using Fujitsu FLK202, a 4 times larger
device in terms of gate periphery when compared to the same intrinsic
FLKO052 device, produced 1.7 W of output power with 50% PAE, 68%
drain efficiency and a saturated gain of 5.3 dB.

Investigated and optimized high-efficiency frequency multipliers that
have conversion gain

Demonstrated record performance for PNP InP HBTs f, = 13 GHz, f__ =
35 GHz, Pout = 0.5 mW/um? at 10 GHz G = 10 db and PAE = 24%

Demonstrated for the first time integrated NPN-PNP push-pull
amplifiers for high linearity/efficiency operation.

Developed small- and large-signal models for NPN and PNP HBTs for
mixed mode circuit design.

Evaluated the feasibility of InP-based mixed-mode technology for low-
power, high linearity, high efficiency transceiver applications

Designed and fabricated a special mask set for studying growth and
device fabrication of dissimilar device structures integrated on a
common InP substrate (HBT, HEMT, mixer diodes, etc.)



Grew HEMT and HBT layers by MBE and MOCVD and initiated studies
of individual vs. stacked growth of devices: fabricated and evaluated
D.C. and microwave characteristics of stacked HEMT/HBT/PIN designs
(Results are very encouraging)

Achieved record performance in high frequency micromachined filters
and MEMS switches and low frequency MEMS filters and mixers.

Proposed, and demonstrated a novel circuit topology for an RFIC
subharmonic double-balanced mixer. This is significant for low-power
direct conversion receivers and dual frequency systems. Performance
compares favorably with conventional double-balanced mixer.

Typical results include:

Membrane Filters

3% at 37 GHz with 2.3db Ins. loss
8% at 60 GHz with 1.5db Ins. loss
3% at 62 GHz with 3.1db Ins. loss
Monolithic integration: microstrip or CPW feed

Micromachined Cavity Filters

Q up to a few thousands (highest measured of 1100)
Narrow bandwidth (lowest measured 2.5%)

Low insertion loss (0.5 db for 4.5% BW at 10 GHz)
Monolithic integration: microstrip or CPW feed

High frequency MEMS switches

* Development of an architecture that has demonstrated less than 0.2
dB insertion loss up to 40 GHz

* Low power (1-5 pW)

* Switching speed (tens of us)

* Air bridge switch (0.3 db insertion loss, 45 db isolation at 30 GHz.
Moderate BW)

* Compliant switch (0.1 db insertion loss @ 20 GHz and 38 db isolation,
high BW (1-40 GHz)

* Activation voltage as low as 14 V (with the potential to reduce it to
5V)
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Low frequency MEMS filters and mixers

* Demonstrated a second-order 34.5 MHz band pass filter with a tunable
center frequency of up to 5% (1.3% BW; 2db I.L.)

* Demonstrated High-Q resonators with frequencies up to 71 MHz
(Q=9,000)

* Invented and demonstrated a mixer and filter which would allow
significant power reduction in the mixer stages

Implemented switchability and unability in VHF micromechanical
filters up to 70 MHz.

Investigated via simulation the use of banks of tiny, passive
micromechanical filters to realize an RF channel-select receiver
architecture capable of orders of magnitude power reduction by trading
power for selectivity in frequency hopping architectures.

Demonstrated a virtually levitated resonator design that ideally
eliminates anchor losses by supporting a free-free beam resonator at
node points with support geometries chosen so that zero impedance is
presented to the resonator at attachment locations. Such resonators
have been demonstrated up to 93 MHz with Q's still around 8,000, and
no sign of Q-reduction with increasing frequency. Performance at this
level and at these frequencies is sufficient to satisfy requirements for
SINCGARS radios and may very well be able to greatly alleviate co-site
problems in UAV's.

Demonstrated micromechanical mixer+filter+gain devices based on
micromechanical resonators. Mixing in these devices is accomplished
via asquare law  voltage-to-force transfer function in the
electromechanical transducer for the  device. Gain is accomplished
parametrically.

Demonstration of high-Q micromechanical resonators operating at
frequencies up to 59 MHz.

Low noise oscillators and micromachined circuits

* Developed a high-Q electromagnetic micromachined resonator on
membrane for 20-60 GHz applications with a measured Q of 500-600 at
30-60 GHz

* Developed a micromachined low loss 28/31 GHz diplexer with more
than 50 dB isolation between the transmit and receive band and
around 1 dB of loss in the transmit band
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* Developed a low phase noise oscillator based on a high-Q
micromachined resonator at 28 GHz, with a performance compatible
with DRO at 30 GHz

* Double-Balanced Mixers

e Invented a novel double balanced subharmonic mixer for RFIC direct
conversion receivers at 1-5 GHz, and implemented a design at 1.9
GHz using MAXIM SiGe process

e Invented a novel balanced doubler with more than 40 dB harmomc
rejection without the use of any external filtering techniques,
resulting in a very compact circuit.

*  Development of spectral techniques for low-power synthesis.

*  Identification and analysis of quantum MOS circuit technology for low-
power circuit design.

*  Design of a low-power numerically controlled oscillator (NCO).
*  Design of a low-power 32-bit correlator chip.
*  Design of a low-power, high-speed modulator 4-bit turbo-code decoder.

* Design of a low-power, high-speed sense amplifier for memories
required in communication circuit systems.

*  Design of ultrafast and compact edge-triggered circuits for peripheral
circuitry of communication systems.

*  Fabrication of QMOS chip prototype.

Development of a quantum circuit prototyping methodology using
generic CMOS process.

Many other important results have been summarized in the annual
reports, the various publications, and several chapters in a new book
dedicated to the work under this program, which was recently published by
Wiley, entitled "RF Technologies for Low Power Wireless Communications,”
edited by T. Itoh, G. Haddad and J. Harvey.

12




Publications and Technical Reports Supported

a)

Papers published in peer-reviewed journals

K. Yang, G. O. Munns and G. I. Haddad, “High f_,, InP Heterojunction Bipolar
Transistors with Chirped InGaAs/InP Superlattice Base-Collector Junction

Grown by CBE, IEEE Electron Device Letters, 18, 553-555, 1997.

D. Pavlidis, Y. Alekseev, K. Hong and D. Cui, "InP-Based Millimeter-
Wave PIN Diodes for Switching and Phase Shifting Applications,”
special issue of Solid-State Electronics , 41, 1635-1639, 1997.

A.  Dehé, D. Pavlidis, K. Hong and H. Hartnagel, "InGaAs/InP
Infrared Sensor Using Surface Bulk Micromachining Technology," IEEE
Trans. on Electron Devices, 44, 1052-1059, 1997.

J. Phillips, K. Kamath, T. Brock and P. Bhattacharya, “Characteristics of
InAs/AlGaAs Self-Organized Quantum Dot Modulation Doped Field
Effect Transistors,” Applied Physics Letters, 72, 3509-3511, 1998.

P. Blondy, A. R. Brown, D. Cros and G. M. Rebeiz, “Low Loss
Micromachined  Filters for Millimeter-wave  Communication

Systems,” IEEE Trans. Microwave Theory and Techniques, 46: 2308-
2316, March, 1998.

V. Borich, J. East and G. Haddad, “An Efficient Fourier Transform
Algorithm for Multitone Harmonic Balance,” IEEE Trans. on
Microwave Theory and Techniques, 47: 182-188, 1999.

D. Sawdai, D. Pavlidis and D. Cui, "Enhanced Transmission Line

-Model Structures for Accurate Resistance Evaluation of Small-Size

Contacts and for More Reliable Fabrication," IEEE Trans. on Elect. Dev.,
46: 1302-1311, 1999.

A. R. Brown, P. Blondy and G. Rebeiz, "Microwave and Millimeter-
wave High-Q Micromachined Resonators,” Int. |. of RF and Microwave
Computer-Aided Engineering," 9: 326-327, 1999.

C. Nguyen and R. T. Howe," An Integrated CMOS Micromechanical

Resonator High-Q Oscillator,” IEEE ]. Solid-State Circuits, 34: 440-445,
1999.

13




C. Bru-Chevallier, Y. Baltagi, G. Guillot, K. Hong and D. Pavlidis,
"Application of Photoreflectance Spectroscopy to the study of Interface
Roughness in InGaAs/InAlAs Heterointerfaces,” J. Appl. Phys., 84:
5291-5295, 1998.

V. Ziegler, M. Berg, H. Tobler, C. Wolk, R. Deufel, J. Dickmann, A.
Trasser, H. Schumacher, E. Alekseev and D. Pavlidis, "Low-Power
Consumption InGaAs PIN Diode Switches for V-Band Applications,”
Japan ]. Appl. Phys., 38: 1208-1210, 1999.

D. Pavlidis, "HBTs vs. PHEMT vs. MESFET: What's Best and Why,"
Compound Semiconductor Techn. J., 5: 56-59, 1999.

K. Yang, G. Haddad and J. East, "High-Efficiency Class-A Power
Amplifiers with a Dual-Bias-Control Scheme," IEEE Trans. on
Microwave Theory and Techn., 47: 1426-1432, 1999.

C. P. Liang, J.-H. Jong, W. Stark and J. East, "Nonlinear Effects in
Communications Systems," IEEE Trans. on Microwave Theory and
Techn., 47: 1461-1465, 1999.

D. Sawdai, K. Yang, S.- Hsu, D. Pavlidis and G. Haddad "Power
Performance of InP-Based Single- and Double-Heterojunction Bipolar
Transistors," IEEE Trans. on Microwave Theory and Techn., 47: 1449-
1456, 1999.

D. Klotzkin and P. Bhattacharya, "Temperature Dependence of
Dynamic and DC Characteristics of Quantum-Well and Quantum-Dot
Lasers: A Comparative Study,” ]. Lightwave Techn., 17: 1634-1642,
1999.

E. Bryerton, M. Weiss, Z. Popovic, "Efficiency of Chip-level vs. External
Power Combining," IEEE Trans. Microwave Theory Techn. 47: 1482-
1485, 1999.

A. R. Brown and G. Rebeiz, "A High-Performance Integrated K-band
Diplexer," IEEE Trans. Microwave Theory and Techn., Special Issue on
Low Power Techniques, 47: 1477-1481, 1999

A. R. Brown and G. Rebeiz, "A Ka-band Micromachined Low Phase-
Noise Oscillator,” IEEE Trans. Microwave Theory and Techn., Special
Issue on Low Power Techniques, 47: 1504-1508, August, 1999.

D. Pavlidis, "Reliability Characteristics of GaAs and InP-Based

Heterojunction Bipolar Transistors,” special issue on Microelectronics
Reliability, 39: 1801-1808, 1999.

14




D. Sawdai and D. Pavlidis, "Push-Pull Circuits Using NPN and PNP
InP-Based HBTs for Power Amplification," IEEE Trans. on Microwave
Theory and Techniques, MTT Special Issue on Low-Power/Low-Noise
Electronics Technology for Mobile Communications, 47: 1439-1447,
1999.

Sawdai and D. Pavlidis, "InP-Based Complementary HBT Amplifiers
for Use in Communication Systems," J. of Solid State Electronics, 43:
1507-1512, 1999.

V. Borich, ]J. East and G. Haddad, “Gradient Optimization of RF
Amplifiers for Digital Communciations,” International Journal of RF
and Microwave, 10: 353-365, 2000.

J.. W. Park, S. Mohammadi and D. Pavlidis, “Impact of
Ni/Ge/Au/Ti/AU and Ti/Pt/Au Collector Metal on GalnP/GaAs HBT
Characteristics,” Solid State Electronics, 44, 1847-1852, 2000.

Papers published in non-peer-reviewed journals or in conference
proceedings

D. Pavlidis, E. Alekseev, K. Hong and D. Cui, "InP-based Millimeter-
Wave PIN Diodes for Switching and Phase Shifting Applications,"
presented at the Topical Workshop in Heterostructure Microelectronics
(TWHM ‘96) Proceedings, Sapporo Therme International Hotel,
Sapporo, Japan, August 18-21, 1996.

E. Alekseev, D. Pavlidis and T. Hackbarth. "W-band InGaAs/InP PIN
Diode Monolithic Integrated Switches," presented at the GaAs IC 1996,
Orlando, Florida, pp. 285-288, November 3-6, 1996.

K. Yang, G. Munns, J. East and G. 1. Haddad, “InP Double
Heterojunction Bipolar Transistors with Chirped InGaAs/InP
Superlattice Base-Collector Junction Grown by CBE,” Proc. 16th IEEE
Cornell Conference, Ithaca, New York, August 4-6, 1997, pp. 278-286.

J-H. Jong and W. Stark, "Performance of Coded Multicarrier Spread
Spectrum Systems in the Presence of Nonlinearity,” Proc. of the 1997
Milcom Conference, pp. 570-574, November, 1997.

K. Yang, G. O. Munns, X. Wang and G. I. Haddad, “Double Heterojunction
Bipolar Transistors with Chirped InGaAs/InP Superlattice Base-Collector
Junction Grown by CBE,” Proc. 9th Int. Conference on InP and Related
Materials, Cape Code, MA, May 11-15, pp. 645-648, 1997.

15




K. Wang, A-C. Wong, W.-T. Hsu, and C. Nguyen, "Frequency-
trimming and Q-factor Enhancement of Micromechanical Resonators
via Localized Filament Annealing," Digest of Technical Papers, 1997
International Conference on Solid-State Sensors and Actuators, pp. 109-
112, Chicago, Illinois, June 16-19, 1997.

J. Clark, A-C. Wong, and C. T.-C. Nguyen, "Parallel-resonator HF
Micromechanical Bandpass Filters," Digest of Technical Papers, 1997

International Conference on Solid-State Sensors and Actuators, pp.
1161-1164, Chicago, Illinois, June 16-19, 1997.

J-H. Jong and W. Stark, "Performance of Coded Multicarrier Spread
Spectrum Systems in the Presence of Nonlinearity,” published in IEEE
Milcom’97, November, 1997.

W-T. Hsu and C. Nguyen, "Geometric Stress Compensation for
Enhanced Thermal Stability in Micromechanical Resonators,”
Proceedings, 1998 IEEE International Ultrasonics Symposium, Sendai,
Japan, pp. 945-948, October 5-8, 1998.

D. Sawdai, D. Pavlidis, S. Mohammadi, "Power Amplification using
NPN and PNP InP HBTs and Application to Push-Pull Circuits,”
Proceedings  of the Topical Workshop  on  Heterostructure
Microelectonics  for Information Systems Applications (TWHM-
0ISA'98), Paper S5-3, pp. 62-63, August/September, 1998.

V. Ziegler, M. Berg, H. Tobler, C. Wolk, R. Deufel, J. Dickmann, A.
Trasser, H. Schumacher, E. Alekseev and D. Pavlidis, "InP-Based
Monolithic  Integrated PIN Diode Switches for MM-Wave
Applications,” Proc. of the 28" GaAs European Microwave Conference,
October 5-9, 1998.

S. Mohammadi, J. Park, D. Pavlidis, C. Dua, J. Guyaux and J. Garcia,
"High-Gain GaInP/GaAs HBT Monolithic Transimpedance Amplifier
for High-Speed Optoelectronic Receivers,” Proc. of IEEE International
Electron Devices Meeting Technical Digest, pp. 661-664, San Francisco,
California, December 6-9, 1998.

V. Borich, J.-H. Jong, J. East and W. Stark, "Nonlinear Effects of the
Power Amplification on Multicarrier Spread Spectrum Systems,"
presented at the IEEE MTT-S 98 International Microwave Symposium,
Baltimore, MD, June, 1998. (IEEE MTT-5'98, pp- 323-326, June, 1998)

J-H. Jong and W. E. Stark, “Performance of Nonlinearly Amplified
Coded Multicarrier Spread Spectrum Systems in the Presence of

16




Multipath Fading,” presented at the 1998 IEEE Milcom Conference,
October, 1998. (Proc. Milcom’98, pp. 693-696, November. 1998)

E. W. Bryerton, M. D. Weiss and Z. Popovic, “A 10-GHz High-Efficiency
Lens Amplifier Array,” presented at the 1998 IEEE MTT-S International
Microwave Symposium, Baltimore, June, 1998. Also in IEEE IMS’98 Digest,
pp 1461-1464.

A. Wong, H. Ding and C. Nguyen, “Micromechanical Mixer and Filters,”
presented at the IEEE International Electron Devices Meeting, San Francisco,
CA, December 6-9, 1998. (Also in Digest, pp. 471-479). (Best Paper Award
Winner)

E. Alekseev, D. Pavlidis, “77GHz High-Isolation Coplanar
Transmit/Receive Switch using InGaAs/InP PIN Diodes,” presented at
the IEEE GaAs IC Symposium, Atlanta, Georgia, November 1-4, 1998.
(Also in Digest, pp. 177-180).

D. Sawdai, D. Pavlidis and S. Mohammadi, “Power Amplification
using NPN and PNP InP HBTs and Application to Push-Pull Circuits,”
presented at the Topical  Workshop on  Heterostructure
Microelectronics for Information Systems Applications (TWHM-ISA
'98), Paper S5-3, pp. 62-63, August/September 1998.

E. Alekseev, D. Pavlidis and C. Tsironis, “W-band On-Wafer Load-Pull
Measurement System and Its Application to HEMT Characterization,”
presented at the IEEE MTT-S International Microwave Symposium,
Baltimore, MD, June 7-9, 1998. (Also, Symposium Digest, 3: 1479-1482).

S. K. Krawczyk, M. Bejar, R.C. Blanchet, A. Khoukh, B. Sermage, D. Cui
and D. Pavlidis, “New Scanning Photoluminescence Technique For
Quantitative Mapping the Surface Recombination Velocity in InP and
Related Materials,” presented at the IEEE International Conference on
Indium Phosphide and Related Materials (IEEE-IPRM ‘98), Tsukuba,
Japan, May 11-15, 1998. (also, Proceedings, pp. 751-753).

‘D. Pavlidis, “Metalorganic Chemical Vapor Deposition (MOCVD)
Material Growth and Application to InP-Based Electronic Devices,”
presented at the IEEE International Conference on Indium Phosphide
and Related Materials (IEEE-IPRM ’98), Tsukuba, Japan, May 11-15, 1998.
(also Proceedings, pp. 477-480).

E. Alekseev, D. Cui and D. Pavlidis, “Power-Handling Capability of W -
Band InGaAs Pin Diode Switches,” presented at the IEEE International
Conference on Indium Phosphide and Related Materials (IEEE-IPRM
'98), Tsukuba, Japan, May 11-15, 1998. (also Proceedings, pp. 199-202).

17




J-H. Jong and W. Stark, "Performance of Nonlinearly Amplified
Multicarrier Spread Spectrum Systems in the Presence of Multipath
Fading," in Proc. IEEE VTC’98, pp. 2027-2031, May, 1998.

R. F. Drayton, S. Pacheco, J.-G. Yook and L. P. B. Katehi,
“Micromachined Filters on Synthesized Substrates,” presented at the
1998 IEEE MTT-S International Microwave Symposium, Baltimore,
MD, pp. 1569-1572, June, 1998.

L. Katehi, G. Rebeiz, C. Nguyen, “MEMS and Si-Micromachined
Components for Low Power, High Frequency Communication Systems,”
presented at the International Symposium on Microwave Theory and
Techniques, Baltimore, MD June 7-12, 1998, pp. 1569-1571. (Invited)

P. Blondy, A. Brown, D. Cross and G. M. Rebeiz, "Low Loss
Micromachined Elliptic Filters for Millimeter Wave
Telecommunication Systems,” presented at the 1998 Microwave
Theory and Techniques Symposium, Baltimore, Maryland, June, 1998,
pp- 1181-1184.

D. Sawdai, X. Zhang, D. Pavlidis, P. Bhattacharya, “Power Performance
of PNP InAlAs/InGaAs HBTs,” presented at the 10th International
Conference on InP and Related Materials, Tsukuba, Japan, May 11-15,
1998. (also pp. 72-75 in Proceedings).

D. Sawdai, D. Pavlidis, S. Mohammadi, “Power Amplification Using
NPN and PNP InP HBTs and Application to Push-Pull Circuits,”
presented at the 22nd Workshop on Compound Semiconductor
Devices and Integrated Circuits (WOCSDICE), Zeuthen, Germany, May
24-27,1998. (also pp. 45-46 in Digest)

.C. Nguyen, L. Katehi and G. Rebeiz, “Micromachined Devices for
Wireless Communications,” IEEE Proceedings, 86: 1756-1768, 1998.

P. Mazumder, S. Kulkarni, M. Bhattacharya, J. P. Sun and G. I. Haddad,
“Digital Circuit Applications of Resonant-Tunneling Devices,” Proc. of
the IEEE, 86, 1998.

J. P. Sun, G. I. Haddad, P. Mazumder and J. Schulman, “Resonant
Tunneling Diodes: Models and Properties,” Proc. of the IEEE, 86, 1998.

J-H. Jong and W. Stark, "Performance of Nonlinearly Amplified Coded

Multicarrier Spread Spectrum Systems in the Presence of Multipath
Fading," IEEE VTC98, May, 1998.

18



C. Chelli, D. Cui, S. Hubbard, A. Eisenback, D. Pavlidis, S. Krawcyzk
and B. Sermage, "Minority Carrier Lifetime in MOCVD Grown C- and
Z-doped InGaAs," Proc. of 11" Indium Phosphide and Related
Materials (IPRM'99), pp. 127-130, Davos, Switzerland, May 16-20, 1999.

D. Sawdai, X. Zhang, D. Cui, D. Pavlidis and P. Bhattacharya,
"Properties of Fully Self-Aligned InAlAs/InGaAs PNP HBTs with Very
Thin Bases," Proc. of 11" Indium Phosphide and Related Materials
(IPRM'99), pp. 187-190, Davos, Switzerland, May 16-20, 1999.

E. Alekseev, T. Hackbarth, J. Dickmann and D. Pavlidis, "High
Switching Rate Capability of MM-Wave PIN Diodes,” Proc. of 11*
Indium Phosphide and Related Materials (IPRM'99), pp. 443-446,
- Davos, Switzerland, May 16-20, 1999.

S. Mohammadi, J. Park, D. Pavlidis, J. Guyaux and ]. Garcia, "Optimal
Design and Experimental Characterization of High-Gain HBT
Distributed Amplifiers," 1999 IEEE MTT-S International Microwave
Symposium Technical Digest, pp. 685-688, Anaheim, California, June
13-19, 1999.

S. Hsu, D. Sawdai and D. Pavlidis, "Modeling of Highly-Nonlinear
HBT Characteristics Using a Distributed Thermal Subcircuit Derived
from Pulsed Measurements," MTT-S 53 Automatic RF Techniques
Group (ARFTG'99) Conference Digest, pp. 139-145, Anaheim,
California, June 18, 1999.

E. Bryerton and Z. Popovic, "Optimizing Overall Efficiency of Active
Antenna Arrays," Invited Talk at the XXVI General Assembly of URSI,
1999 Digest, pg. 696, Toronto, Canada, August, 1999.

E. Bryerton, M. Weiss, S. Djukic and Z. Popovic, "Switched-Mode High-
Efficiency Microwave Circuits," IEEE Topical Workshop on Power
Amplifier for Wireless Communications Digest, San Diego, CA,
September 13-14, 1999.

M. Weiss, M. Crittes, E. Bryerton, J. Whitaker and Z. Popovic, "Time
Doman Optical Sampling of Nonlinear Microwave Amplifiers,”
presented at IEEE IMS Symposium, Aneheim, California, June, 1999.

J.-H. Jong and W. Stark, "Power Controlled MC-CDMA in the Presence

of Nonlinearities — Part I: Coded System Performance," presented at
the IEEE Milcom’99, October, 1999.

19




J-H. Jong, K. Yang, W. Stark and G. Haddad, "Performance of OFDM
Systems with Adaptive Nonlinear Amplifiers,” presented at IEEE
Milcom’99, October, 1999.

J.-H. Jong and W. Stark, "Power-Controlled MC-CDMA in the Presence
of Nonlinearities — Part I: System Analysis," presented at the IEEE
VTC’99, September, 1999.

J-H. Jong, K. Yang, W. Stark and G. Haddad, "Power Optimization of
OFDM Systems with dc Bias Controlled Nonlinear Amplifiers,"
presented at the IEEE VTC’99, September, 1999.

J-H. Jong, K. Yang, W. Stark and G. Haddad, "Class A dc Bias
Controlled Amplifiers for OFDM Systems,” presented at the IEEE
Topical ~ Workshop on  Power  Amplifiers  for  Wireless
Communications, September, 1999.

A. R. Brown and G. Rebeiz, "A Ka-band Micromachined Low Phase-
Noise Oscillator," presented at the European Microwave Conference,
October, 1999.

D. Pavlidis, D. Sawdai and D. Cui, "NPN-PNP InP HBT Technology and
Applications to Low Power Wireless Sytems,” presented at the
Photonoics East-Gigahertz Devices and Systems SPIE Conference,
Session I, Boston, MA, September, 1999.

A. R. Brown and G. Rebeiz, "Micromachined High-Q Resonators, Low
Loss Diplexers and Low Phase Noise Oscillators for a 28 GHz Front-
end," Invited Talk, IEEE Radio and Wireless Conference, August, 1999.

A. R. Brown and G. Rebeiz, "A High-performance Integrated K-band
Diplexer,” presented at the IEEE MTT-S Int. Microwave Symposium,
Los Angeles, CA, June, 1999.

C. Nguyen, "Micromechanical Components for Miniaturized Low-
power Communications (Invited Plenary)," Proceedings, 1999 IEEE
MTT-S International Microwave Symposium RF MEMS Workshop
(on  Microelectromechanical ~ Devices for RF Systems: Their
Construction, Reliability and Application), pp. 48-77, Anaheim, CA,
June 18, 1999.

A.-C. Wong, J. R. Clark and C. Nguyen, "Anneal-activated, Tunable, 65
MHz Micromechanical Filters," Digest of Technical Papers, pp. 1390-
1393, 10" International Conference on Solid-State Sensors and
Actuators, Sendai, Japan, June 7-10, 1999.

20




W.-T. Hsu, S. Lee and C. Nguyen, "In situ Localized Annealing for
Contamination Resistance and Enhanced Stability in Nickel
Micromachanical Resonators,” Digest of Technical Papers, pp. 932-935,
10™ International Conference on Solid-State Sensors and Actuators,
Sendai, Japan, June 7-10, 1999.

J. Cao and C. Nguyen, "Drive Amplitude Dependence of
Micromechanical Resonator Series Motional Resistance," Digest of
Technical Papers, pp. 1826-1829, 10™ International Conference on Solid-
State Sensors and Actuators, Sendai, Japan, June 7-10, 1999.

V. L. Rabinovich, M. Deshpande, J. R. Gilbert, M. Getillat, N. de Rooij,
J. Clark and C. Nguyen, "Prediction of Mode Frequency Shifts due to
Electrostatic Bias," Digest of Technical Papers, pp. 442-445, 10"
International Conference on Solid-State Sensors and Actuators, Sendai,
Japan, June 7-10, 1999.

C. Nguyen, A-C. Wong and H. Ding, "Tunable, Switchable, High-Q
VHF Microelectromechanical Bandpass Filters," Digest of Technical
Papers, pp. 78-79, 1999 IEEE International Solid-State Circuits
Conference, San Francisco, California, February 15-17, 1999.

K. Wang, Y. Yu, A. Wong and C. Nguyen, "VHF Free-Free Beam High-
Q Micromechanical Resonators,” Technical Digest, pp. 453-458, 12"
International IEEE Micro Electro Mechanical Systems Conference,
Orlando, Florida, January 17-21, 1999.

M. Weiss, M. Crites, E. Bryerton, J. Whitaker and Z. Popovic, "Time-
domain Optical Sampling of Nonlinear Microwave Amplifiers and
Multipliers,” 1999 IEEE IMS Digest, pp. 889-892, 1999.

D. Cui, D. Pavlidis and A. Eisenbach, “Characterization of Carbon
Induced Lattice Contraction of Highly C-doped InGaAs,” Proceedings of
the 12th Indium Phosphide and Related Materials (IPRM’00), pp 526~
529, Williamsburg, VA, May 15-19, 2000.

D. Buttari, A. Chini, G. Meneghesso, E. Zanoni, D. Sawdai, D. Pavlidis
and S. Hsu, “Hole Impact Ionization Coefficient in (100)-Oriented
In,;Ga, ,As based on PNP InAlAs/InGaAs HBTs,” Proceedings of the
12th Indium Phosphide and Related Materials (IPRM'00), pp 258-261,
Williamsburg, VA, May 15-19, 2000.

21




<)

D. Cui, D. Sawdai, D. Pavlidis, S. Hsu, P. Chin and T. Block, “High
Power Performance Using InAlAs/InGaAs Single Heterojunction
Bipolar Transistors,” Proceedings of the 12th Indium Phosphide and
Related Materials (IPRM’00), pp 473-476, Williamsburg, VA, May 15-19,
2000.

D. Cui, D. Sawdai, S. Hsu, and D. Pavlidis, “Low DC Power, High Gain-
Bandwidth Product, CoPlanar Darlington Feedback Amplifiers Using
InAlAs/InGaAs HBTs,” Proceedings of the 22" JEEE GaAs IC
Symposium, Seattle, WA November 5-8, 2000.

C. T-C. Nguyen, “Micromechanical Circuits for Communication
Transceivers (invited),” Proceedings of the 2000 Bipolar/BiCMOS
Circuits and Technology Meeting (BCTM), pp 142-149, Minneapolis,
Minnesota, September 25-26, 2000.

Sergio Pacheco, Linda P. B. Katehi and Clark T.-C. Nguyen, “Design of
Low Actuation Voltage RF MEMS Switch,” 2000 IEEE MTT-S
International Microwave Symposium Digest, Boston, MA, pp 165-168.

Dimitrios Peroulis, Sergio Pacheco, Kamal Sarabandi and Linda P. B.
Katehi, “MEMS Devices for High Isolation Switching and Tunable
Filtering,” 2000 IEEE MTT-S International Microwave Symposium
Digest, Boston, MA, pp 1217-1220.

F. Gonzalez, M. Bhattacharya, S. Kulkarni and P. Mazumder, “Standard
CMOS Implementation of a Multiple-Valued Logic Signed-Digit Adder
Based on Negative-Differential-Resistance Devices,” in Proceedings of
the International Symposium on Multiple-Valued Logic, pp. 323-328,
2000.

Papers presented at meetings, but not published in conference
proceedings

D. Sawdai, J.-O. Plouchart, D. Pavlidis, A. Samelis and K. Hong,
“Power Performance of InGaAs/InP Single HBTs,” presented at the

- 8th  International Conference on InP and Related Materials,

Schwabisch Gmund, Germany, April 21-24, 1996.

A. Courtay, G. P. Gauthier and G. M. Rebeiz, "Microstrip Antennas on
Localized Micromachined Dielectric Substrates,” presented at the IEEE
Antennas and Propagation Intl. Symp., Baltimore, Maryland, pp. 1246-
49, July 1996.

22




F. D. Bannon III, J. R. Clark and C. T.-C. Nguyen, "High Frequency
Microelectromechanical IF Filters," presented at the IEEE International

Electron Devices Meeting, San Francisco, California, December 8-11,
1996.

S. K. Krawczyk, M. Bejar, F. Nuban, R. Blanchet, B. Sermage, K. Hong,
D. Cui and D. Pavlidis, “New Scanning Photoluminescence Technique
for Mapping the Lifetime and Doping Density Application to Carbon
Doped InGaAs/InP Layers and Heterostructures,” presented at the
Ninth International Conference on Indium Phosphide and Related
Materials, Tara Resort, Hyannis, MA, May 11-15, 1997.

D. Sawdai, X. Zhang, D. Pavlidis and P. Bhattacharya, “Performance
Optimization of PNP InAlAs/InGaAs HBTs," presented at the IEEE
Cornell '97 Conference, Ithaca, NY. August 4-6, 1997.

E. Alekseev, D. Pavlidis and D. Cui, "InGaAs PIN Diodes for High-
Isolation W-Band Monolithic Integrated Switching Applications,”
presented at the IEEE Cornell ‘97 Conference, Ithaca, NY. August 4-6,
1997.

K. Wang, F. Bannon, J. Clark and C. Nguyen, "Q-enhancement of
Micromechanical Filters via Low-velocity Spring Coupling,” presented
at the 1997 IEEE International Ultrasonics Symposium, Toronto,
Ontario, Canada, October 5-8, 1997.

C. Nguyen, "High-Q Micromechanical Oscillators and Filters for
Communications," presented at the 1997 I[EEE International
Symposium on Circuits and Systems, Hong Kong, June 9-12, 1997.

K. Wang and C. Nguyen, "High-order Micromechanical Electronic
Filters," presented at the 1997 IEEE International Micro Electro
Mechanical Systems Workshop, Nagoya, Japan, Jan. 26-30, 1997.

G. Rebeiz, "Novel Technologies for the Microwave and mm-wave
Bands," Invited Talk, Asia-Pacific Microwave Conference, Workshop,
Japan, December, 1998.

G. Rebeiz, "Advances in Microwave/Millimeter-wave High-Q
Components, Filters, Antennas and Switches using Micromachining
Techniques," Invited Talk, 3" RIEC International Symposium, Japan,
December, 1998.

23




G. Rebeiz, "Advances in Microwave/mm-wave High-Q Components,
Microstrip and PBG Antennas, and Switches/ Phased-arrays using
Micromachining Techniques," Invited Paper, European Microwave
Conference, October, 1998.

S. Kulkarni and P. Mazumder, “Full Adder Circuit Design using RTDs
and MOSFETs,” presented at the Government  Microcircuit
Applications Conference, March, 1998.

K. Yang, J. R. East and G. Haddad, “Automatic Control of Efficiency and
Linearity in Power Amplifiers,” presented at the Topical Meeting on
Silicon Monolithic Integrated Circuits in RF Systems, Ann Arbor, MI,
September 17-18, 1998.

S. Pacheco, C. T. Nguyen and L. P. B. Katehi, “Micromechanical
Electrostatic K-Band Switches,” presented at the 1998 IEEE MTT-S
International Microwave Symposium, Baltimore, MD, June, 1998.

L. Katehi, “Si Micromachining for High-Frequency Circuits,” Invited
Paper, presented at the ESA Workshop on Microwave and Millimeter
Wave Techniques and Applications, ESPOO, Finland, May, 1998.

G. M. Rebeiz and L. P. Katehi, “Silicon Micromachining for High
Frequency Application,” presented at the 1998 IEEE MTT-S
International Microwave Symposium Workshop on High Frequency
Silicon Micromachining and Multi-Chip Integration, Baltimore, MD,
June, 1998.

C. Nguyen, “Micromechanical Devices for Wireless Communication,”
(Invited Plenary), 1998 IEEE International Workshop on Micro Electro
Mechanical Systems, Heidelberg, Germany, January 25-29, 1998.

C. Nguyen, “Frequency-selective @ MEMS for Miniaturized
Communication Devices,” (Invited), presented at the 1998 IEEE
Aerospace Conference, Snowmass, Colorado, March 21-28, 1998.

C. Nguyen, “Communications Applications of Microelectromechanical
Systems,” (Invited) presented at the IEEE MTT-S International
Microwave Symposium, Baltimore, MD, June 7-12, 1998.

Nguyen,  “Micromachining  Technologies  for  Miniaturized

Communication Devices,” (Invited Plenary), presented at the 1998 SPIE
MEMS Symposium, Santa Clara, CA, September 20-22, 1998.

24




D. Pavlidis, "HBTs vs. PHEMT vs. MESFET: What's Best and Why,"
(Invited), 1999 International Conference on GaAs Manufacturing
Technology, Vancouver, British Columbia, Canada, April 19-22, 1999.

W. Park, D. Pavlidis, S. Mohammadji, J. Guyaux and J. Garcia, "Material
and Processing Technology for Manufacturing of High-Speed, High-
Reliability GaInP/GaAs HBT-based ICs,” 1999 International Conference
on GaAs Manufacturing Technology, Vancouver, British Columbia,
Canada, April 19-22, 1999.

S. Kularni and P. Mazumder, "Circuit Applications of Quantum MOS
Logic," presented at the European Conference on Circuit Theory and
Design, August, 1999.

M. Bhattacharya and P. Mazumder, "SPICE Simulation of Circuits
Containing Resonant Tunneling Diodes," presented at the European
Conference on Circuit Theory and Design, August, 1999.

A. F. Gonzalez, M. Bhattacharya, C.-H. Lin, P. Mazumder, J. R. East and
G. I. Haddad, "High-Speed Digital Circuits Using Resonant-Tunneling
Diodes and Heterojunction Bipolar Transistors,” presented at the
Government Microcircuit ~ Applications  Conference  (GMAC),
Anaheim, California, March 20-23, 2000.

M. Bhattacharya, S. Kulkarni, A. F. Gonzalez and P. Mazumder,
"Prototyping RTD-CMOS Circuits Using Enhancement-mode NMOS
Negative Differential-Resistance Circuits,” International Symposium
on Circuits and Systems, 2000.

25




2.0 List of Participating Scientific Personnel

Task Faculty Members Involved
System Architecture W. Stark, C. Nguyen, G. Rebeiz, P. Mazumder
Spread-Spectrum Modulation J. East, W. Stark, K. Yang, G. Haddad

Techniques and Sensitivity to Power
Amplifier Nonlinearities

High Efficiency Power J. East, Z. Popovic, K. Yang, D. Pavlidis,
Amplifiers G. Haddad
InP Devices and Mixed Mode D. Pavlidis, P. Bhattacharya, J. East, K. Yang

Monolithic Integrated Circuits for G. Haddad
Low-Power Transceiver
Applications

Low-Loss, High Performance L. Katehi, G. Rebeiz, C. Nguyen
Microwave Components

Digital Circuits P. Mazumder, J. East, W. Stark, G. Haddad

26




Advanced Degrees Earned While Employed on the Project:

Student Advisor Date of Ph.D. _Place of Employment

G. O. Munns G. Haddad 1997 APA Optics, Inc.

Gildas Gauthier G. Rebeiz 1998 Thompson-CSF, France

James Kempf G. Haddad 1999 Texas Instruments

Eric Bryerton Z. Popovic 1999 National Radio
Astronomy Observatory

Donald Sawdai D. Pavlidis 1999 TRW

Saeed Mohammadi D. Pavlidis 1999 University of Michigan

Andrew Brown G. Rebeiz 1999 REMEC

Shriram Kulkarni P. Mazumder 1999 IDT

Je-hong Jong W. Stark 2000 Hughes Network Systems

Vuk Borich G. Haddad 2000 Applied Wave Research, Inc.

Jae-Woo Park D. Pavlidis 2000 Knowledge-On

Sergio Pacheco L. Katehi 2001 Motorola

Delong Cui D. Pavlidis 2001 Ciena

T. Nolan W. Stark 2001 Harris

27




Report of Inventions
"Microstrip Antennas on Micromachined Substrates,” G. Rebeiz, 1996.
"Integrated 150 GHz Subharmonic Receiver,” G. Rebeiz, 1996.

"Microelectromechanical Signal Processors,” U. S. Patent No. 5,537,083, issued
July 16, 1996, C. T.-C. Nguyen, L. Lin, R. T. Howe and A. P. Pisano.

"Q-controlled Microresonators and Tunable Electronic Filters Using Such
Resonators,” U. S. Patent No. 5,491,604, issued February 13, 1996, C. T.-C.
Nguyen and R. T. Howe.

“Frequency Selection Using Parallel Banks of Switchable Filters,” C. Nguyen
and W. Stark, Invention Disclosure, submitted September 30, 1997.

"Mixing, Modulation, and Demodulation Via Mechanical Resonators,” C.
Nguyen, V. Gutnik, and R. T. Howe, U. S. Patent No. 5,839,062, issued
November 17, 1998.

"QMOS Sense-amplifier Circuit,” P. Mazumder, applied for U.S. patent,
1998.

“Free-free Beam High-Q Micromechanical Resonators”, C. Nguyen and K.
Wang, Provisional Patent Application, submitted January 12, 1999.

"Digital Logic Gate Design Using NDR Diodes and FETs," S. Kulkarni, P.
Mazumder and G. I. Haddad, U.S. Patent No. 5,903,170, May 1999. .

"QMOS Edge-triggered Flip-flop Circuits," S. Kulkarni, M. Bhattacharya, P.
Mazumder, applied for U.S. Patent, 1999.

28




